Although nephrotic syndrome is a very common kidney disease, little is known about the molecular changes occurring within glomerular capillary loops during development of disease. The characteristic histologic change is retraction (effacement) of the distal "foot" processes of glomerular epithelial cells (GEC) which surround the capillary loops. The GEC foot processes are an essential part of the kidney's filtration barrier, and their structure is regulated primarily by actin microfilaments, cytoskeletal proteins present in high concentrations in foot processes. Actin polymerization has been reported to be regulated via phosphorylation of the low molecular weight heat shock protein, hsp27. We localized hsp27 within normal rat GECs using immunofluorescence and immunoelectron microscopy. Induction of nephrotic syndrome and GEC foot process effacement using the puromycin aminonucleoside rat model resulted in significant increases in: ( a ) renal cortical hsp27 mRNA expression 
Introduction
Nephrotic syndrome is among the most common forms of kidney disease seen in children, with an estimated incidence of 2-7 new cases per 100,000 children annually (1) . It is characterized clinically by the development of massive proteinuria, hypoalbuminemia, and edema. In health, one of the most important functions of the kidneys is to maintain the body's fluid balance by filtering the blood, allowing excretion of appropriate amounts of fluid while retaining the cells and most proteins within the bloodstream. In nephrotic syndrome, the kidney's filtration barrier is altered in such a way that massive amounts of protein are lost in the urine. The resulting low oncotic pressure in the blood permits fluid to leak from the bloodstream into the surrounding tissues causing edema throughout the body (2) . Despite extensive studies in humans (3) (4) (5) (6) (7) (8) (9) and a well-established rat model of nephrotic syndrome (puromycin aminonucleoside nephrosis [PAN])
1 (10) (11) (12) (13) (14) , the pathogenesis of this disease remains unclear. Although it is generally suspected that unidentified circulating factor(s), possibly cytokines, are responsible for the actual pathophysiologic changes in the kidney (15, 16) , an unknown initiating event(s) ultimately leads to a critical alteration in the physical structure of the filtration barrier within the kidney's filtering unit, the glomerulus. Using electron microscopy (EM), this alteration is characterized by retraction and widening (effacement) of the distal "foot" processes of the glomerular epithelial cells (GEC) which surround each of the capillary loops in the glomerulus (17) . Progressive effacement of these processes results in the formation of a nearly continuous cytoplasmic sheet covering the glomerular capillary wall. This GEC structural alteration, often associated with detachment from the underlying glomerular basement membrane (GBM), has been shown to correlate closely with the development of proteinuria (10, 11, 18) and is the characteristic ultrastructural finding for the nephrotic syndrome.
In recent immunofluorescence (IF) staining studies, we have discovered the presence of the low molecular weight heat shock protein (hsp), hsp27, in normal rat kidneys which is localized specifically to the site of the glomerular filtration barrier (capillary loop). Glomerular capillary loops are comprised of endothelial cells, GBM, and GECs whose distal foot processes are known to contain high concentrations of the cytoskeletal protein actin (19, 20) . Although hsp27 may be expressed in endothelial cells, recent reports demonstrating that hsp27 can regulate actin polymerization in vitro (21) (22) (23) and that it may associate with actin microfilaments in some cells (M.J. Welsh, W. Wu, M. Parvinen, R.R. Gilmont, manuscript submitted for publication), combined with its pattern of localization, suggested that glomerular capillary loop hsp27 may be expressed primarily, or exclusively, in GECs. Taken together, these findings led us to hypothesize that hsp27 may play an important role in the maintenance of the kidney's normal filtration barrier, possibly via regulation of actin microfilament dynamics in GEC foot processes.
The potential involvement of hsp27 in maintaining the kidney's normal filtration barrier suggested that this molecule might also play a role in the development of kidney disease in which there were significant structural alterations of the filtration barrier. The nephrotic syndrome was felt to be the ideal disease to study this question, as it is characterized by marked effacement of the GEC foot processes comprising the kidney's filtration barrier. More importantly, in animal models of the nephrotic syndrome, alterations in GEC structure have been shown to be closely linked to actin disaggregation and an altered distribution of actin filaments within the GEC (24) (25) (26) . In the most established animal model of nephrotic syndrome, 3-7 d after treatment with a single dose of PAN rats develop proteinuria, ascites, and effacement of GEC foot processes which histologically resembles human nephrotic syndrome (27) . In an attempt to test our hypothesis that hsp27 may play a role in the development of GEC foot process effacement and nephrotic syndrome, we studied the expression and phosphorylation of glomerular hsp27 during development of experimental nephrotic syndrome in normal rats.
Methods

Experimental model
Animals and induction of nephrotic syndrome. Experiments were performed using 50 adult male Sprague-Dawley rats (175-200 grams). Rats were obtained from the specific pathogen-free breeding colony of the Laboratory Animal Core of the National Institutes of Health P30 Center for the Study of Reproduction at the University of Michigan. Nephrotic syndrome was induced in 25 animals by a single intraperitoneal injection of PAN (150 mg/kg), while 25 matched control animals received equal intraperitoneal volumes of normal saline. Each animal was housed in an individual metabolic cage to allow for collection of urine and was given free access to water and standard rat chow. Serial 24-h urine samples were collected from each animal just prior to PAN injection and 1, 3, 7, and 10 d after injection for measurement of proteinuria. Matched control and diseased animals were sacrificed at 0.5, 1, 3, 7, and 10 d after injection. The kidneys were harvested, rinsed in cold PBS, and the renal capsules removed. Glomeruli were isolated from one kidney from each animal by mincing cortical tissue with a razor blade, rinsing with cold PBS, pressing the tissue through a No. 140 stainless steel sieve (W.S. Tyler, Mentor, OH) wetted with cold PBS and collecting the glomeruli on a No. 200 sieve, as previously described by Kreisberg et al. (28) . After rinsing again with cold PBS, glomeruli were counted under the microscope, and the procedure repeated until each sample had Ͼ 95% glomeruli. The remaining kidney was hemisected, the cortex isolated from one of the hemisections, and the tissue snap frozen in liquid nitrogen and stored at Ϫ 80 Њ C for subsequent RNA isolation. The other hemisected section was prepared as follows. ( a ) one cortical fraction was cut into 1-mm cubes and fixed in 4% gluteraldehyde/0.1 M cacodylate buffer for EM evaluation; and ( b ) one fraction was placed in OCT solution (Tissue-Tek, Elkhart, IN) on a glass slide and frozen at Ϫ 80 Њ C for later cryosectioning for IF evaluation.
Clinical confirmation of disease. All 24-h urine specimens were analyzed for total protein using precipitation in 30% TCA on ice for 60 min. Precipitated proteins were resuspended in 0.25 N NaOH and the protein concentrations determined using Coomassie Protein Assay Reagent (Pierce, Rockford, IL) with spectrophotometric analysis at 595 nm and comparison to known albumin standards also diluted in 0.25 N NaOH.
Histologic confirmation of changes in GEC foot process structure. All animals were evaluated by EM for confirmation of development of the GEC foot process effacement which is characteristic of the nephrotic syndrome. Samples were fixed overnight in 4% gluteraldehyde in 0.1 M cacodylate buffer, washed, and postfixed in 2% OsO 4 in 0.1 M cacodylate buffer. After repeat washing in buffer, samples were dehydrated with graded ethanol solutions and propylene oxide, infiltrated with graded Epon:propylene oxide solutions, embedded in pure Epon, and baked overnight at 65 Њ C. Thin sections were then cut and mounted on nickel grids, and evaluated for GEC foot process effacement by transmission EM.
Glomerular hsp27 protein expression
IF staining. Tissues frozen in OCT solution were cut in 4-m sections, placed on polylysine-coated glass slides, and stored at Ϫ 80 Њ C until stained. Sections to be stained were thawed and fixed for 5 min in acetone at room temperature. After washing in PBS ϫ 3, samples were blocked with 10% goat/10% rat serum in PBS ϫ 15 min, rinsed in PBS ϫ 3 again and incubated with a 1:100 dilution of ascites fluid of mouse anti-hsp27 monoclonal antibody for 45 min at room temperature. This monoclonal antibody was generated against a 15 amino acid synthetic peptide (residues 123-137) derived from the highly conserved C-terminal domain of human hsp27, and its specificity for hsp27 has been previously described by Bitar et al. (29) . After washing in PBS, samples were incubated with FITC-labeled polyclonal goat anti-mouse IgG (Cappel, Organon Teknika Corp., West Chester, PA) diluted 1:50 in blocking serum solution for 30 min. The samples were then washed in PBS ϫ 3, the coverslips mounted with N -propyl gallate, and stored at 4 Њ C in a light-proof container.
Semi-quantitative confocal microscopy. Estimation of relative amounts of glomerular hsp27 by IF was performed on 1 micron thick optical section images generated from kidney sections (stained as above) using a Bio-Rad MC600 laser-scanning confocal microscope. Images from 10 randomly selected glomeruli from each animal were analyzed pixel-by-pixel to determine the average fluorescence value per pixel (range 0-256 U) of each individual glomerulus. The average fluorescence values per pixel from the ten glomeruli from each animal were then averaged to yield glomerular brightness values for each animal. Average glomerular brightness values from all matched control animals were combined, and represent the mean of 25 animals, or 250 glomeruli. Similar values for PAN-treated animals at each time point represent the mean of 5 animals, or 50 glomeruli. For all optical brightness measurements, all settings of the confocal microscope and laser system were held constant.
Isoelectric focusing gel electrophoresis and analysis. Glomerular proteins from glomeruli isolated from each animal were solubilized in a buffer consisting of 2% NP-40 (Sigma Chemical Co., St. Louis, MO), 9 M urea and 0.002% ␤ -mercaptoethanol for 1 h at 37 Њ C. Samples were centrifuged at 12,000 g for 10 min, and protein concentrations of the supernatants were determined by spectrophotometry using a commercially available colorimetric protein assay kit (Coomassie Protein Assay Reagent, Pierce, Rockford, IL) with albumin standards prepared in solubilization buffer. The isoelectric focusing gels consisted of 5.8% acrylamide, 0.2% bis-acrylamide, 2.5% pH 4-6 ampholyte (Serva, Heidelberg, Germany), 2.5% pH 5-8 ampholyte (Sigma Chemical Co.), 5% glycerol and 6 M urea, polymerized with 0.015% ammonium persulfate, 0.0005% riboflavin 5 Ј -phosphate and 0.03% TEMED, and 0.4-mm thick gels were cast for use in a mini-isoelectric focusing cell (Bio-Rad Model 111, Hercules, CA). 20 g of glomerular protein from each animal was then loaded into each lane. Gels were run for 15 min at 100 V, 15 min at 250 V and at least 60 min at 450 V, transferred to Whatman 3 MM filter paper by direct contact, and the protein electroblotted onto PVDF membranes (Millipore, Bedford, MA) for 1 hr at 70 mA in transfer buffer containing 0.0375% SDS, 39 mM glycine, and 48 mM Tris. Membranes were then stained for total protein with a solution containing 50% methanol, 0.1% Coomassie brilliant blue R-250 (Sigma Chemical Co.), and 7% acetic acid for 5 min, partially destained with 50% methanol and 7% acetic acid, and rinsed with ddH 2 0. Computer images of the membranes were scanned and relative protein loading between lanes quantitated using the NIH Image 1.56 computer program for normalization of hsp27 protein expression results. Each previously stained membrane was then blocked with 5% nonfat milk in PBS/0.1% Tween 20 (PBS-T) for 1 h at room temperature, incubated with antihsp27 mAb in blocking solution for 1 h, and washed 3 ϫ 10 min in PBS-T. After this, blots were incubated with a polyclonal donkey anti-mouse IgG conjugated to horseradish peroxidase (Jackson ImmunoResearch Laboratories, West Grove, PA) in blocking solution for 1 h, the peroxidase was activated for fluorescence emission using an enhanced chemiluminescence kit (Amersham, Arlington Heights, IL), and the blots exposed to x-ray film. To optimize densitometric readings for each of the hsp27 isoforms, blots were analyzed after two different exposure times. The resultant unphosphorylated and phosphorylated hsp27 isoform bands were quantitated with densitometry using the NIH Image 1.56 program. Paired control and PAN-treated total protein values (from the above Coomassie stained membranes) for each time point were then used to normalize hsp27 results based on relative protein loading.
Renal cortical hsp27 mRNA expression RNA isolation. Total RNA was extracted from hemisected kidney cortex sections from each animal using the RNA Stat-60 kit (TelTest, Friendswood, TX). Each tissue was thawed, minced and rinsed free of blood with sterile PBS. Minced tissue was combined with 1.0 ml RNA Stat-60 and homogenized. After five minutes 200 l chloroform was added and each sample was vortexed vigorously and then centrifuged for 15 min at 12,000 g at 4 Њ C. The aqueous phase was retrieved, combined with 500 l isopropanol, and precipitated at Ϫ 80 Њ C for 15 min. The tube was centrifuged at 12,000 g for 10 min at 4 Њ C and the RNA pellet washed with 75% ethanol and centrifuged again. Each pellet was partially dried at 37 Њ C and dissolved in DEPCtreated H 2 0. RNA yield and purity were estimated spectrophotometrically by absorbance at 260 and 280 nm.
Northern blotting. Total RNA (80 g/sample) was run on 1.0% agarose gels containing 6.1% formaldehyde, blotted onto Hybond N+ nylon membranes (Amersham, Arlington Heights, IL) by capillary transfer, and fixed to the membranes with a UV cross-linker, using a standard protocol (30) . Insert containing rat hsp27 cDNA (0.8 kb) (R.R. Gilmont and M.J. Welsh. 1992. Expression of HSP27 mRNA in the postnatal rat testis. Accession No. M86389, NCBI gi: 204664) was extracted from pBluescript (Stratagene, La Jolla, CA) using EcoRI restriction sites in the polycloning region of the plasmid, and the cDNA isolated using low melting point agarose electrophoresis (BRL, Gaithersburg, MD). The hsp27 cDNA probe was labeled with ␣ -32 P-dCTP using a commercially available random priming kit (Random Primers DNA Labeling System, BRL, Gaithersburg, MD), and separated from unincorporated 32 P-dNTPs using a Sephadex G-50 spin column (Sigma Chemical Co.). Blots were prehybridized for 2 hours at 42 Њ C, denatured radiolabeled probe was added with fresh hybridization solution, and the blots were hybridized overnight at 42 Њ C. Blots were washed 4 times and then exposed to x-ray film for 2-5 d in a cassette containing intensifying screens. Resulting autoradiographs were analyzed by densitometry using the NIH Image 1.56 image analysis program. All values were normalized for RNA loading by densitometric analysis of EtBr-stained 18s rRNA bands in each gel prior to transfer.
Immunoelectron microscopy
Kidney cortex from normal adult Sprague-Dawley rats was prepared for analysis by perfusion-fixation with 2% paraformaldehyde, then further fixation of small pieces of cortex for 1 h in the same fixative, and cryoprotection for 2 h in 1.725 M sucrose and 25% polyvinylpyrrolidone in PBS. The tissue was mounted on aluminum nails and frozen in liquid nitrogen. Ultrathin (50-100 nm) frozen sections were then cut at Ϫ 110 Њ C on a Reichert Ultracut E equipped with the cryoattachment FC 4E. The sections were transferred to formvar-coated nickel grids (100 mesh) and stored overnight at 4 Њ C on 2% gelatin before immunolabeling.
Grids were incubated by floating on drops of filtered solutions in a moist chamber. After washing with PBS, nonspecific binding sites were blocked for 1 h at room temperature with 10% fetal calf serum (FCS) containing 10 mM glycine to block free aldehyde groups. Grids were incubated at 4 Њ C overnight with a 1:100 dilution of the hsp27 mAb, rinsed with 0.1% BSA in PBS, then incubated for 1 hour at room temperature with a 1:50 dilution of rabbit anti-mouse IgG (Zymed, Aidenbach, FRG) in 10% FCS in PBS as a bridge, followed by a goat anti-rabbit IgG coupled to 10 nm colloidal gold (Biocell, Plano, Marburg, FRG) at a 1:100 dilution in PBS containing 0.1% acetylated BSA to reduce nonspecific absorption of the gold-labeled antibody to the formvar film. The grids were then rinsed 10 times in 0.1% BSA in PBS and twice in PBS, postfixed with 2% gluteraldehyde (Merck, Darmstadt, FRG) for 10 min, and stained with either 2% OsO 4 , 1% reduced OsO 4 , or 1% tannic acid followed by 2% OsO 4 . After staining with 2% uranyl acetate for 2-5 min, they were finally absorption-stained with 0.003% lead citrate in 2% polyvinyl alcohol, dried at room temperature, and observed using a Phillips EM 301 electron microscope.
Statistics
All data are expressed as the mean Ϯ SEM. All statistics were performed using unpaired, two-tailed t tests to compare results from control animals to PAN-treated animals. Results were considered statistically significant if P Ͻ 0.05, and represent data collected from five independent experiments, each with five control and five PANtreated animals.
Results
PAN nephrosis
Clinical confirmation of disease. Fig. 1 shows the resultant 24-h proteinuria over the 10 d after PAN injection. Significant proteinuria developed by day 7 and increased markedly by day 10 ( x ϭ 506 Ϯ 96 mg/24 h, P Ͻ 0.001 vs. control), as has been previously reported (18) .
Histologic confirmation of changes in GEC foot process structure. Evaluation of kidney sections by EM revealed that, during the 10 d after PAN treatment, all animals treated with PAN developed diffuse effacement of GEC foot processes compared with controls. A representative comparison of 10-day PAN-treated vs. control animals' GEC foot processes by EM is shown in Fig. 2 . In the normal animals the GEC foot processes were tall and narrow and evenly arranged along the GBM. In contrast, the PAN-treated animals' GEC foot processes had fused into wide cytoplasmic sheets stretched along the GBM, with intermittent detachment of the cytoplasmic sheets from the GBM.
Glomerular hsp27 protein expression
Semi-quantitative confocal microscopy. The expression of hsp27 in representative glomeruli from control and PAN-treated rats 10 d after injection is shown in Fig. 3 . In both the control ( A ) and PAN-treated ( B ) sections the staining is distributed in a pattern most consistent with glomerular capillary loop expression, with less intense mesangial, and very little interstitial or tubular staining. Comparison of identical photographic exposures of control vs. PAN-treated glomeruli reveals a marked increase in hsp27 labeling within the diseased animals' glomeruli. In addition, the staining pattern in the PAN-treated animals' glomeruli reveals an apparent consolidation of hsp27 around the glomerular capillary loops. Specificity of the hsp27 mAb for rat hsp27 was confirmed by elimination of glomerular IF staining after preadsorption of the antibody with the hsp27 immunizing peptide (data not shown). Fig. 4 A shows the total glomerular hsp27 labeling during the 10 d after PAN treatment, as analyzed by semi-quantitative confocal IF microscopy. An analysis was performed (in blinded fashion) on 10 randomly selected glomeruli from each of 5 animals (50 glomeruli) for each time period after PAN injection, and from each of 25 animals (250 glomeruli) for the control group. During the course of development of clinical and histologic disease among the PAN-treated animals, there was an increase in glomerular hsp27 IF labeling which was highly significant (87 Ϯ 2%, x Ϯ SEM, P Ͻ 0.001) compared to control animals at 10 d after PAN injection. These increases in IF labeling of glomeruli may not relate in a 1:1 fashion to increases in total glomerular hsp27 protein, but they do permit a relative comparison of glomerular hsp27 between control and diseased animals.
Isoelectric focusing gel analysis. Glomerular hsp27 protein expression was also analyzed using isoelectric focusing gel analysis. This technique provided the ability to quantitate expression of both total glomerular hsp27 and each of the three hsp27 isoforms (unphosphorylated, singly phosphorylated, and doubly phosphorylated) in rat glomeruli. Changes in total glomerular hsp27 expression were quantitated by comparing the sums of the three phosphorylated hsp27 isoform bands for each control and diseased animal and are shown in Fig. 4 B . This analysis also revealed a significant (85 Ϯ 25%, x Ϯ SEM, P Ͻ 0.05 vs. control) increase in total glomerular hsp27 expression at 10 d after PAN injection, and confirmed the confocal IF results. Although increases in band density may not correlate precisely with increases in protein expression, comparison of densitometric results using increasing amounts of glomerular protein revealed a 1:0.88 correlation between protein quantity and densitometric readings, for the amounts of glomerular protein used in these studies (data not shown). Fig. 5 shows the relative expression of each of the three hsp27 isoforms (unphosphorylated, singly phosphorylated, and doubly phosphorylated) for 25 control animals and 5 PANtreated animals at each time point after injection, as determined by densitometric analysis of each band. Expression of each of the three phosphorylated hsp27 isoforms increased during the development of nephrotic syndrome (79 Ϯ 21% for the unphosphorylated isoform ( shaded bars ); 80 Ϯ 34% for the singly phosphorylated isoform ( open bars); and 101Ϯ32% for the doubly phosphorylated isoform (solid bars); xϮSEM). These increases were statistically significant for the unphosphorylated (P Ͻ 0.05 vs. control) and doubly phosphorylated (P Ͻ 0.05 vs. control) isoforms, but failed to reach significance for the singly phosphorylated isoform (0.05 Ͻ P Ͻ 0.1 vs. control) due to the large standard errors inherent in using this technique. Subsequent analysis of this increase by paired, twotailed t test was significant at the P Ͻ 0.05 level. Analysis of changes in the relative proportions of individual isoforms expressed during the development of disease failed to identify any significant changes (data not shown). Since hsp27 phosphorylation is a post-translational modification, these findings suggest that both hsp27 expression and phosphorylation are increased during development of nephrotic syndrome.
Renal cortical hsp27 mRNA expression Northern blotting. Fig. 6 shows the results of Northern blot analyses of hsp27 mRNA expression in renal cortex. After standardization of all samples for total RNA loading using 18s rRNA expression, densitometric analysis of hsp27 bands for 25 control animals and 5 PAN-treated animals at each time point revealed a significant increase (826Ϯ233%, xϮSEM, P Ͻ 0.01 vs. control) in hsp27 mRNA expression at 10 d after PAN injection.
hsp27 immunoelectron microscopic localization
Immunogold labeling. The results of hsp27 immunogold labeling of normal rat renal cortex are shown in Fig. 7 . This representative high magnification (34,000ϫ) photomicrograph of a section of a glomerular capillary loop demonstrates significant hsp27 labeling distributed throughout the GEC. Examination of other areas revealed negligible hsp27 labeling of endothelial or mesangial cells, or of the basement membrane. Control sections prepared in an identical manner, except for replacement of the primary antibody with blocking solution, revealed virtually no gold labeling.
Discussion
The mechanism(s) by which nephrotic syndrome occurs remains one of the most important unanswered questions in nephrology today. Several reports have documented the gross morphologic changes which occur in GECs at the EM level during development of the nephrotic syndrome (11, 27) . These changes include cell swelling, retraction and effacement of GEC foot processes resulting in the formation of a diffuse cytoplasmic sheet along the GBM, vacuole formation, occurrence of occluding junctions with displacement of slit diaphragms, and detachment of the GEC from the GBM (10, 24) . Relatively little data, however, have been reported on the biochemical or molecular events which occur in GECs in association with these morphologic changes (24, 25, 31) , and even less Figure 5 . Glomerular expression of each of the three phosphorylated hsp27 isoforms after PAN treatment. Western blots of mini-isoelectric focusing gels from isolated glomeruli were analyzed at multiple time points following a single intraperitoneal injection of PAN (150 mg/kg) or equal volume of saline (CTL). Densitometric analysis of each band at each time point revealed significant increases in the expression of the unphosphorylated isoform (shaded bars) (79Ϯ21%, xϮSEM, P Ͻ 0.05 vs. control) and the doubly phosphorylated isoform (black bars) (101Ϯ32%, P Ͻ 0.05 vs. control) during the development of nephrotic syndrome. The increased expression of the singly phosphorylated isoform (white bars) (80Ϯ34%, 0.05 Ͻ P Ͻ 0.1 vs. control) failed to reach statistical significance due to the large standard errors inherent in using this technique. (n ϭ 5 PAN-treated animals at each time point and 25 control animals.) Figure 6 . Renal cortical hsp27 mRNA expression after PAN treatment. Renal cortical hsp27 mRNA expression was analyzed at multiple time points after a single intraperitoneal injection of PAN (150 mg/kg) or equal volume of saline (CTL). After normalization of hsp27 expression for RNA loading using 18S rRNA bands from EtBr-stained gels, renal cortical hsp27 mRNA expression increased significantly (826Ϯ233%, xϮSEM, P Ͻ 0.01 vs. CTL) by 10 d after PAN injection. (n ϭ 5 PAN-treated animals at each time point and 25 control animals.) Figure 7 . Electron microscopic localization of hsp27 within normal glomerular capillary loops. Subcellular hsp27 localization was performed in normal rat kidney tissue using immunogold labeling. Gold labeling was seen distributed throughout the GEC, but virtually no endothelial cell labeling was present. Mesangial cell labeling was also negligible (not shown). Control sections prepared in an identical manner, except for replacement of the primary antibody with blocking solution, revealed virtually no gold labeling. ϫ27,200.
information has been reported on how these changes might be regulated. From a pathophysiologic perspective it is clear that a variety of pathogenic mechanisms, including immunologic processes, biochemical defects (induced by endogenous or exogenous factors), and hemodynamically induced injury to the glomerulus can induce the nephrotic syndrome (32) . Because these various stimuli result in the development of a similar pattern of clinical and histologic features, however, it is likely that there is a final common molecular pathway by which the normal regulation of GEC foot process structure is disturbed during development of the nephrotic syndrome.
The present study initially identified the low molecular weight heat shock protein, hsp27, in the glomerular capillary loops of normal rat kidneys. Heat shock proteins comprise several families of intracellular proteins whose expression are increased after exposure to heat or various metabolic insults. These proteins have been reported to be involved in the folding, assembly, translocation, function, and degradation of intracellular proteins and protein complexes (33) (34) (35) . Although high molecular weight hsps (e.g., hsps 60, 72, and 90) have been reported to be present in the kidney (36) (37) (38) (39) (40) , localization of hsp27 to the kidney (normal or diseased) has not been previously reported.
The precise function(s) of hsp27 are not yet known. Suggested functions have included involvement in signal transduction, resistance to thermal and metabolic stress, growth and differentiation, and serving as a molecular chaperone (41) (42) (43) (44) (45) (46) (47) . Recent reports identified hsp27 as an actin-associated protein (21) which inhibits actin polymerization in vitro (22) . Subsequent reports suggest that hsp27 may be a component of a signal transduction pathway that may regulate actin microfilament dynamics and that its actin polymerization-inhibiting activity is related to its state of phosphorylation (23, (48) (49) (50) . One such signal transduction pathway has now been characterized in a human carcinoma cell line, where it has been demonstrated that hsp27 is phosphorylated as a result of activation of a protein kinase cascade by the cytokine interleukin-1 (51).
Our initial localization of hsp27, an intracellular protein, to the glomerular capillary loop by IF microscopy suggested that it could be expressed in either glomerular endothelial cells, GECs, or in both cell types. Subsequent immunoelectron microscopy has confirmed that glomerular hsp27 is expressed almost exclusively within GECs. This finding in normal kidney, along with the reported regulation of actin polymerization by hsp27, suggest that hsp27 may play a role in the maintenance of normal GEC foot process structure via regulation of actin microfilament structure and dynamics.
Induction of experimental nephrotic syndrome and GEC foot process effacement resulted in both increased expression and enhanced phosphorylation of glomerular hsp27. In light of recent reports that the regulation of actin polymerization by hsp27 is dependent on hsp27 phosphorylation (23, (48) (49) (50) , these results further support our hypothesis that alterations in glomerular hsp27 expression and phosphorylation may have an important role in regulating pathophysiologic changes in actin microfilaments within GECs during development of GEC foot process effacement and clinical nephrotic syndrome.
In previous reports, expression of unphosphorylated hsp27 has been associated with inhibition of actin polymerization, while phosphorylation of hsp27 has diminished its actin polymerization-inhibiting activity (23) . Within this context, glomerular hsp27 expression in the normal state may reflect the dynamic regulation of the balance between actin polymerization and depolymerization within the GEC necessary to maintain its normal shape and function. A pathophysiologic stimulus capable of inducing the nephrotic syndrome might involve hsp27 in any of three manners: (a) The stimulus might induce hsp27 expression and phosphorylation within GECs, resulting in disruption of the delicate balance between actin polymerization and depolymerization within the foot processes. Such an imbalance in cytoskeletal regulation might further result in loss of normal GEC foot process structure and function, culminating in GEC foot process effacement and development of proteinuria. In this scenario hsp27 would clearly have a pathophysiologic role in the development of nephrotic syndrome. (b) Alternatively, the stimulus might produce GEC foot process effacement directly, with the induction of hsp27 expression and phosphorylation representing a specific response by the GECs to the marked alterations in actin dynamics associated with foot process effacement. In this scenario hsp27 would have a specific protective or reparative role in the GEC's response to and/or recovery from the cellular stress. In support of this are several reports where transfection of hsp27 cDNA into various cell types resulted in dramatically increased resistance to thermal and oxidative stresses (45, 46, 52, 53) (W. Wu, and M.J. Welsh, manuscript submitted for publication). (c) Finally, the stimulus might produce GEC foot process effacement directly, but with the induction of hsp27 expression and phosphorylation representing a potentially nonspecific stress response of the GECs, unrelated to altered actin dynamics. Of these three possibilities our data most strongly supports the second, since significant elevations of hsp27 expression and phosphorylation were not seen until after the development of massive proteinuria and GEC foot process effacement.
In summary, the present study has demonstrated significant expression of the low molecular weight heat shock protein, hsp27, in GECs within the glomerular capillary loops of normal rats. Induction of experimental nephrotic syndrome resulted in both increased expression and enhanced phosphorylation of glomerular hsp27 in association with development of GEC foot process effacement and massive proteinuria. In light of the reported regulation of actin polymerization by hsp27, these findings suggest that hsp27 may regulate GEC foot process actin polymerization, and thus have an important role both in the maintenance of normal foot process structure and in the pathophysiologic cytoskeletal changes which occur in these processes during development of the nephrotic syndrome.
